ABSTRACT. The dispersion of small amounts of Ce 4+ ions in the bulk of ZrO 2 leads to a photoactive material sensitive to visible light. This is shown monitoring by EPR the formation and the reactivity of photogenerated (>420nm) charge carriers. The effect, as confirmed by DFT calculations, is due to the presence in the solid of empty 4f Ce states at mid gap which act as intermediate levels in a double excitation mechanism. This solid can be considered an example of third generation photoactive material.
TOC GRAPHICS
KEYWORDS Charge separation, DFT, EPR spectroscopy, Third generation photoactive systems.
Photocatalytic reactions have enormous importance in modern environmental chemistry (oxidative removal of pollutants of emergent concern) 1 and energetics 2 . In particular, the photoelectrochemical splitting of water achieved by Fujishima and Honda in 1972  3 using a TiO 2 photoanode paved the avenue to a new, stimulating research branch known as artificial photosynthesis 4 . Pristine TiO 2 is even now the dominant system in environmental applications and consequently the undisputed player of the so-called first generation of photoactive materials 5, 6 . Semiconducting oxides owe their photoactivity to the ability of exciting electrons, under irradiation with light of suitable frequency, from the valence band (VB) to the conduction band (CB) thereby creating holes in the valence band itself 7 . Due to their reductive (electrons) and oxidative (holes) potentials the photoexcited charge carriers, once they reach the surface, are able to entail redox chemical reactions. The CeO 2 molar fraction of the mixed oxide employed for the present investigation is 0.5% (CZ05). This material will be hereafter labeled as CZ05. Samples of the two bare oxides were also prepared and used to compare their properties with those of the mixed oxide.
For the mixed sample two phases have been identified by XRD analysis (S.I.): tetragonal (t) and monoclinic (m) zirconia ( Table 1 ). The fraction of monoclinic phase is higher for Ce-doped ZrO 2 than that found for the pure phase probably because a partial disorder in the structure is induced by Ce addition. The optical properties of CZ05 were measured by Diffuse Reflectance UV-Vis spectroscopy. The photoactivity of the mixed material has been tested by EPR. This is a suitable technique to detect the charge separation, as shown by the seminal work of Graetzel and Howe 15 and by that of the Thurnauer group 16 who monitored by EPR the formation of both photoexcited electrons and holes in UV irradiated TiO 2 .
We have followed ( Fig. 2A ) the charge separation in the case of Ce-ZrO 2 using irradiation with visible light, that is applying a cut off to the lamp output at 420nm. The starting spectrum ( Fig.   2A , a) does not show a flat baseline and the EPR signal observed (nearly axial with g || =1.977 and g  =1.959) is the same observed in the case of bare ZrO 2 and due to Zr 3+ ions always present as defects in this solid 17 . Irradiation of the CZ05 sample at 77K with light having >420nm (i.e.
h2.95eV) ( Fig. 2A, b) causes the intensity increase of the Zr 3+ signal and, in parallel, the appearance of a new signal due to trapped holes (O -ions) at lower field 17 . Heating the system at RT, electrons and holes quickly recombine, recovering the initial situation. In the second case, holes (h + ) react with gas-phase hydrogen at the surface yielding surface OH -groups and injecting electrons in the solid 18 which are stabilized by zirconium ions forming reduced Zr 3+ centers: The two parallel experiments illustrated in Fig. 2B confirm that visible photons induce electron-hole separation in Ce-doped zirconia ( Fig. 2A) adding the important information that both carriers reach the surface and are, in principle, available for surface reactions.
The potential photocatalytic activity of the Ce-ZrO 2 system in visible light was tested monitoring the formation of hydroxyl radicals (HO  ) upon irradiation of a water suspension of the CZ05 sample. HO  radicals, which are responsible of the oxidative attack of organic molecules in photocatalytic reactions, are formed according to:
Due to their reactivity, these radicals can only be detected in solution by means of a spin trap (namely the 5,5-dimethyl-1-pyrroline N-oxide, DMPO), a diamagnetic molecule which, by reaction with HO  , forms a relatively stable radical adduct detected by EPR. The detection of photoinduced HO  radicals is thus an evidence of the oxidative ability of an irradiated solid 19 . Figure 3A reports the EPR spectra obtained upon illumination of a CZ05 aqueous suspension with visible light at various times. All spectra are amenable to the typical four lines signal of the DMPO/HO  adduct and have been obtained subtracting from the experimental spectrum that of a reference obtained irradiating a solution of DMPO. The reported spectra are thus entirely due to the effect of the solid material. Figure 3B shows that the intensity of the adduct becomes appreciable after 10 min irradiation and reaches a maximum after about 110 min. Also in this case no effect is observed using pure ZrO 2 . 
The results show that the transition from the VB to a Ce 4+ cation, eq. 6, leading to a Ce 3+ ion, occurs at 2.5 eV, i.e. well inside the visible light spectrum. A second excitation can occur from these states with an electron transfer from Ce 3+ to the CB, eq. 7: in this case, the optical transition is found at 3. To conclude, the set of data discussed above indicates that it is possible, through the dispersion of small amounts of cerium ions, to make ZrO 2 photosensitive to visible light. Based on the available experimental and theoretical data, a possible explanation points to the role of intraband gap Ce 4f empty states which could act as a bridge between the valence band and the conduction band of the oxide allowing low-energy photons to excite electrons from one band to the other.
The mechanism corresponds to one of the two proposed by Serpone et al. while forecasting the nature of third generation photocatalysts 5, 6 . Ce-ZrO 2 can therefore be considered as the first member of this new family. Despite the system described shows an effective photoactivity, the results presented represent a "proof of concept" and show that this new class of photo-active materials can indeed be prepared. Further work is necessary to identify the optimal working conditions (Ce loading, crystal structure and morphology, preparation procedures etc.) and to optimize the activity and selectivity performances of the present system not only under visible light but also under real solar light irradiation.
EXPERIMENTAL METHODS
Mixed Ce-Zr oxides were prepared via sol-gel synthesis using Ce isopropoxide and Zr propoxide solutions and following a complex procedure fully described in the S.I. The sol produced by hydrolysis was aged in air until the formation of a gel which was then dried at 333K. Finally the powder was calcined at 723 K in air for 2 hours.
Details on the experimental characterization methods, namely Powder X-rays diffraction 
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